Abstract-Novel multiband and broadband wireless power transfer (WPT) systems based on conformal strongly coupled magnetic resonance (CSCMR) are presented in this paper. An analytical model for CSCMR systems is developed in order to study their performance. Optimal multiband and broadband CSCMR systems are designed and their performance is validated using simulations and measurements. A broadband CSCMR system, which exhibits seven times broader bandwidth than conventional SCMR and CSCMR systems operating at the same frequency, is designed and prototyped.
I. INTRODUCTION

W
IRELESS power transfer (WPT) was first proposed by Nikola Tesla, whose goal was to distribute power wirelessly [1] . Various WPT techniques based either on far-field or near-field coupling have been developed [2] - [5] . Conventional WPT systems cannot provide simultaneously high efficiency and long transfer range. However, the strongly coupled magnetic resonance (SCMR) method was introduced recently, and it offers the possibility of transferring power with high efficiency over longer distances (mid-range) [6] . SCMR has been applied in various applications, such as, charging of electric vehicles [7] and charging of portable devices [8] .
Also, in the last few decades, wireless sensors have been widely adopted in numerous applications [9] - [11] . However, wireless sensors are still mostly powered by batteries that impose strict limitations on the lifetime of sensors. WPT systems that can wirelessly charge or power sensors are very useful, especially for embedded sensors that cannot be easily accessed to replace their battery. Also, WPT systems that are multiband are of great interest as they can power multiple sensors for different applications. Furthermore, broadband WPT systems can support simultaneous powering and communication through the same wireless link thereby enabling autonomous (i.e., battery less) sensors.
SCMR is a very promising technique that can be used to wirelessly power or charge devices and sensors. Previous SCMR research has focused on how to improve its efficiency and range through different methods [12] - [22] . For example, adaptive frequency tuning methods, automated impedance matching systems, two resonators in a transmitter or a receiver, and frequency-insensitive antiparallel resonant loops have been developed to increase SCMR's efficiency [14] - [18] . The relationship between the maximum efficiency and range was examined in [19] . Also, repeaters between SCMR's transmitter (TX) and receiver (RX) have been used to increase SCMR's range [20] , [21] .
Recently, optimal WPT systems with multiple TXs or multiple RXs have been developed [22] - [24] . Equivalent circuit models of WPT systems with multiple TXs or multiple RXs have been also studied [22] , [23] . In addition, optimal adjustment of coupling between TXs or between RXs, has been applied in order to increase the efficiency of WPT systems [24] . However, the study of multiband and broadband WPT systems has been very limited. In fact, it has been found that only [25] and [26] examined two-band and three-band SCMR WPT systems. However, no analytical models of such systems and no thorough analysis and design methodology for such systems have been presented. In addition, no broadband SCMR WPT systems have been developed and traditional SCMR systems exhibit narrowband efficiency thereby imposing strict limitations on simultaneous wireless transmission of information and power, which is important for battery-less sensors.
In this paper, novel multiband or broadband WPT systems based on conformal SCMR (CSCMR) are developed and rigorously analyzed. The CSCMR method has been previously proposed and developed in [27] and [28] . The CSCMR configuration is utilized in this paper in order to achieve planar compact WPT systems. The operational frequencies of the multiband and broadband CSCMR systems are picked as examples so that designs can be developed, analyzed, built, and validated. The proposed designs can be scaled and/or altered to cover other frequencies depending on the application. Multiband CSCMR systems can be potentially developed to be compatible with different WPT standards. In this paper, Section II describes an analytical model for CSCMR systems with multiple resonators, which can be used to study and predict the performance of such systems. In Section III, optimal multiband CSCMR systems with two and three bands are examined in order to validate our analytical results through comparisons with simulations and measurements. In Section IV, broadband CSCMR systems are presented and design guidelines for optimal broadband CSCMR systems are developed and discussed. Finally, conclusions are drawn in Section V.
II. CSCMR
A conventional SCMR system consists of four elements: source loop, transmitting resonator (TX), receiving resonator (RX), and load loop, as shown in Fig. 1 . Based on the theory of SCMR, the TX and RX resonators are designed to operate at the same frequency where their Q-factor of the loop is maximum. Energy is strongly coupled between the TX and RX at the resonant frequency. Therefore, energy is transmitted efficiently between the source loop and load loop. However, conventional SCMR systems require certain distance, t, between the source and the TX resonator as well as between the load and the RX resonator (see Fig. 1 ). Depending on the dimension of each element, this distance, t, can be relatively large. Therefore, traditional SCMR systems occupy significant volume and they cannot be easily incorporated in modern communication systems.
The CSCMR system was previously examined in [27] and [28] . In order to develop planar WPT systems, the source loop and load loop were embedded into the TX and RX resonators, respectively. Fig. 2 illustrates a typical CSCMR system with one pair of resonators.
An equivalent circuit model with n pairs of resonators, one source loop and one load loop is developed, as shown in Fig. 3 . In this system, the mutual coupling between all the different loops is included. Based on Kirchhoff's voltage law, in a closed loop, the algebraic sum of the products of the mutualand self-impedances with their corresponding currents is equal to the total electromotive force available in that loop. Therefore, the equivalent circuits of all the loops (source, resonator 1, resonator 2, . . . , load) can be described by the following formulas [22] :
The aforementioned equation can be written in matrix form as follows:
where 
where R S and R L are the internal resistance of the source and the resistance of the load, respectively (here, they are both assumed to be 50 Ω); R i , R s , and R L represent the total resistance of the ith resonator, source loop and load loop, respectively (the total resistance includes the radiation resistance, R irad , and loss resistance, R iohm ); and L i is the equivalent inductance of the loop. The formulas of these parameters are as follows [29] , [30] :
where μ 0 is the permeability of free space, ρ is the material resistivity, and r i and r ci are the radius and cross-sectional radius of the loop. Also, based on the theory of the traditional SCMR, the resonators need to be designed so that they resonate at the frequency where the Q-factor of the resonating loop is maximum. The frequency, f imax , where this maximum occurs, can be written as [29] 
The required capacitance to resonate a loop is calculated by
In order to have maximum coupling, all loops are assumed to be parallel and are placed along the z-axis at a distance, d, from each other, as shown in Fig. 4 . The magnetic field flux density, B i , at a distance of d, from the primary loop (r i ) along the Z-axis is expressed based on the Biot-Savart law as follows [30] :
When a secondary loop (r j ) is located near the primary loop, the mutual inductance between the two loops is derived as [30]- [33] 
where A j is the area enclosed by the jth loop. When the two loops are placed concentrically on the same plane, the distance, d, decreases to zero. In this case, the mutual inductance should be calculated using the larger loop as the exciting loop [34] . Therefore, the mutual inductance between two coplanar loops can be written as
The solution of the circuit, which is shown in Fig. 3 , can be derived from (2) as
The voltage across the load can be written as
Also, the WPT efficiency is defined as the ratio of the power delivered to the load over the power sent by the source. The system between the source and load can be modeled as a twoport network and the power transfer efficiency can be expressed in terms of the two-port S-parameters as follows [35] :
When the source and load impedances are matched to the reference impedance Z 0 so that Z S = Z L = Z 0 and Γ S = Γ L = 0, then the power transfer efficiency is equal to the squared magnitude of S 12 . In this paper, it is assumed that the internal resistance of the source and the resistance of the load are equal to 50 Ω. Therefore, in this paper, SCMR's efficiency can be written as follows [14] :
Based on formulas (2), (15), and (18), a CSCMR's system efficiency can be calculated using the mutual inductances (M i,j ) and impedances (Z i ) of the loops. However, it is very complicated to derive a direct formula for the efficiency of a system with n-pairs of resonators. Therefore, for illustration purposes, a CSCMR system with one pair of resonators is considered. If the smaller mutual inductances between the loops of such a system are ignored (i.e.,
, the efficiency can be written as:
The impedance of each loop at its resonance is equal to its resistance. Therefore, based on the following formulas:
(19) can be written as follows:
which expresses the efficiency in terms of the coupling coefficients and Q-factors. This clearly illustrates that the system efficiency can be written as a function of self and mutual impedances or as a function of the coupling coefficients and
Q-factors.
In what follows, optimal designs are developed using a theoretical analysis based on the proposed equivalent circuit models of CSCMR systems. The efficiency of CSCMR WPT systems is calculated using the proposed analytical model as a function of geometrical and material parameters. Therefore, this analysis leads to the identification of geometrical parameters of CSCMR WPT systems that provide maximal efficiency and without severe frequency splitting.
III. MULTIBAND CSCMR SYSTEMS
WPT systems, which can efficiently transmit power in different bands, may be used for applications where a single WPT TX system needs to power devices or sensors of different sizes at different distances. In such cases, lower operating frequencies will exhibit longer power transfer range and will require larger size WPT receivers for powering sensors and devices. Whereas, higher operating frequencies will exhibit shorter power transfer ranges and will require smaller size WPT receivers for powering sensors and devices. Also, multiband WPT systems can be used to provide compatibility with different WPT standards. Therefore, multiband WPT systems can be very useful for ac- commodating multiple standards as well as different receiver sizes and ranges.
The proposed multiband WPT system will be based on CSCMR systems that use multiple pairs of different size loop resonators resonating at different frequencies, thereby, transferring power efficiently at multiple bands. The self-inductance of each loop resonator is solely determined by its geometric parameters. Therefore, each loop can resonate at the frequency where its Q-factor is maximum when it is connected to the appropriate capacitor. The radius of each CSCMR loop that resonates at a certain resonant frequency, f i , can be derived from (10) as
where r ci is the cross-sectional radius of the loop. The lumped capacitance used to resonate this loop can be written as
A. Dual-Band CSCMR System
In order to obtain a dual-band CSCMR system, three loops are used on the TX element and three loops on the RX element, as shown in Fig. 5 . One of the loops on the TX element will be connected to the source and one loop on the RX element will be connected to the load. The other two loops of the TX and RX elements are resonators. The source and load loops can be either the innermost, middle, or outermost loops of the TX and RX elements, respectively. Fig. 5 illustrates two of these ways to layout the CSCMR loops. The efficiencies of the CSCMR systems for each layout are calculated using ANSYS HFSS and are compared in Fig. 6 . The geometric specifications of this system are: the cross-sectional radius of all loops, r c , is 2.1 mm; the radii of the innermost (r 1 ), middle (r 2 ), and outermost loops (r 3 ) are 20, 50, and 70 mm, respectively. The distance between TX and RX is set to d = 80 mm. Fig. 6 illustrates that efficient dual-band CSCMR systems can be designed when the source and load elements are the innermost or middle loops since when the outmost loops are used as source and load loops there is only one efficiency peak.
Specifically, when the innermost loops of TX and RX are used as source and load (see in Fig. 6 ), the first CSCMR resonance occurs approximately at 55 MHz and it splits into two peaks. Each of the peaks has relatively narrow bandwidth (i.e., the 5 dB bandwidths of the first and second peak are 500 and 200 kHz, respectively). The second resonance of this CSCMR system occurs at 88 MHz with a 5-dB bandwidth of 600 kHz. Therefore, there will be actually three narrow WPT channels with this layout method.
When the middle loops of TX and RX are used as source and load (see in Fig. 6 ), the two efficiency peaks are located at 60 and 172 MHz. Also, the first resonance has broader bandwidth (a 5-dB bandwidth of 9 MHz). The two bands of this CSCMR system can be easily tuned independently. Therefore, dual-band CSCMR systems, which use their middle loops as sources and loads, will be used in the rest of this analysis. It should be also pointed out that the efficiency at the second resonance (i.e., 172 MHz) is smaller than the efficiency at the first resonance (i.e., 60 MHz). This can be potentially attributed to different reasons, such as, skin effect, proximity effects, and electrical separation between TX and RX, which are examined individually here. The loss resistance of a conductor increases as the frequency increases due to the skin effect. However, the resonator loops corresponding to the second resonance (i.e., higher frequency) have smaller radius than the resonator loops corresponding to the first resonance. In fact, when (7), (8) , and (23) are used at the second resonance, the total resistance of the corresponding resonators is found to be smaller than the total resistance of the resonators corresponding to the first resonance. Therefore, the skin effect is not the reason for the reduced efficiency at the second resonance. Also, the spacing between the loops of the TX or RX is significantly larger than the crosssectional radius of the loops, thereby, limiting the significance of proximity effects. Finally, at the second resonance (higher frequency) the TX and RX are located further apart electrically compared to the first resonance (lower frequency), since the wavelength decreases with increasing frequency. This results in reduced efficiency at the second resonance. In order to prove this point, the efficiency of the CSCMR system of Fig. 5(b) is examined for different distances between TX and RX. Fig. 7 illustrates these results and proves that the efficiency at the second resonance increases to a value similar to the efficiency at the first resonance when the distance between TX and RX is reduced from 80 to 50 mm. Therefore, it can be concluded that the efficiency degradation observed at the second resonance (see Fig. 6 ) is primarily due to the increased electrical distance between TX and RX.
Also, Fig. 8 shows the simulated distribution of the magnetic field in ANSYS HFSS at the first resonance of the system of Fig. 5(b) . Fig. 8 illustrates that as expected the pair of resonators #2, shown in Fig. 5(b) , exhibits the highest magnetic coupling at the first resonance.
In the proposed dual-band CSCMR system, the lower resonant frequency is mainly determined by the geometric parameters of the larger loop and the higher resonant frequency is mainly determined by the parameters of the smaller loop. The resonators can be designed using (23) and (24) . Also, other parameters, such as, the radii and cross-sectional radii of the source and load loops also have an effect on the system's performance.
In order to better understand the effects of these parameters, a dual-band CSCMR system, shown in Fig. 9 , is designed and analyzed. This system is designed to work at 63 and 150 MHz. The middle loops of the TX and RX are chosen to function as the source and load loops, respectively. The cross-sectional radii of innermost and outermost loops, r c1 and r c3 , are equal to 2.1 mm. Based on (23) and (24) , the radii of the innermost and outermost loops (i.e., resonators) are calculated as r 1 = 23 mm and r 3 = 65 mm, respectively, and the capacitances for the innermost and outermost loops are C 1 = 15 pF and C 3 = 22 pF, respectively. The TX and RX elements are initially placed at a distance, d, equal to 70 mm. The source and load loops have the same radius, r 2 , and cross-sectional radius, r c2 , due to the symmetry of the TX and RX. The analytical model that was presented in Section II is used to calculate the efficiency of this system for different values of the radius, r 2 , and cross-sectional radius, r c2 . Fig. 10 illustrates the variation of the efficiency versus frequency and the radius, r 2 , when r c2 = 2.1 mm. Fig. 10 shows that when the radius of the source and load loops, r 2 , is too small (less than twice the radius, r 1 , of the innermost resonating loop): 1) the first resonance splits more distinctly into two peaks since the null between these peaks becomes deeper and 2) the second resonance of the dual-band system does not appear. Fig. 10 shows that maximum efficiency is achieved at the second resonance (i.e., 150 MHz) when the radius, r 2 is equal to 52 mm. Fig. 11 illustrates the variation of the efficiency versus frequency and the cross-sectional radius, r c2 , when r 2 = 52 mm. Fig. 11 shows that when the cross-sectional radius, r c2 , of the source and load loops equals 1 mm, the efficiency reaches its maximum value of 62% at the second resonance. Also, it is observed again that when r c2 is smaller than 2 mm the first resonance splits more distinctly into two peaks since the null between these peaks becomes deeper. Therefore, in order to have two resonances with high efficiency and without severe splitting (i.e., no deep nulls), the optimal value of r c2 as 2.1 mm was used.
The optimal distance is also found using the analytical results, similarly to the analysis performed for the optimal radii. Fig. 12 illustrates the variation of the efficiency versus frequency and distance between TX and RX. The optimum values of r 2 = 52 mm and r c2 = 2.1 mm were used according to the previous discussion. Fig. 12 shows that when the distance between TX and RX is larger than 70 mm, the efficiency at the second resonance drops significantly. However, when the distance is smaller than 100 mm, the first resonance splits distinctly into two peaks since the null between these peaks becomes deeper. Therefore, the distance was picked to be 70 mm, as a compromise between achieving good efficiency at the second resonance and avoiding a severe split of the first resonance. It should be pointed out that for a set distance between TX and RX, the electrical distance between the TX and RX at the first (lower frequency) resonance is shorter than the electrical distance at the second (higher frequency) resonance. Therefore, it is justified that the WPT efficiency at the second resonance is smaller than the efficiency at the first resonance for the same physical distance.
The optimal dual-band CSCMR system, which was derived previously, is now examined using the proposed theoretical model as well as simulation and measurements. The distance between the TX and RX is set as d = 70 mm in order to achieve good efficiency in both frequencies as well as prevent resonance splitting. Fig. 13 shows the prototype of this CSCMR system along with its geometric parameters according to the layout shown of Fig. 9 . Fig. 14 compares the analytically calculated (using the formulation presented in Section II), simulated and measured efficiency of this CSCMR system. It can be seen that the analytical, simulated, and measured results agree well thereby validating the proposed analytical formulation. Fig. 15 illustrates the measured efficiency of this system for distances of 40, 80, and 120 mm. These results are consistent with the theoretical results presented in the previous section and show that as the distance between TX and RX decreases the efficiency increases and also resonance splitting occurs for the distance of 40 mm.
B. Three-Band CSCMR Design
Three-band CSCMR system can be also designed by following the design procedure of the dual-band SCMR systems presented previously. However, in the three-band CSCMR systems, the innermost loops have to be used as source and load loops. Otherwise, only dual-band operation can be achieved. As discussed in the dual-band systems, when the source and load loops are the innermost loops, the first resonance splits into two peaks. A three-band CSCMR system (i.e., with three resonators) is initially studied based on the analytical model. The topology of such a system is shown in Fig. 16 . The performance of the first resonance of this system for different values of the source/load loop radius, r 1 , is shown in Fig. 17 . It is seen that in order to achieve a high efficiency at the first operating frequency of this system, the radius of the source/load loops should be larger than half the radius of the outermost resonator, r 4 . A three-band CSCMR WPT system with three pairs of resonators is designed based on this conclusion. This system is designed to work at 50, 110, and 200 MHz. The cross-sectional radius, r c , of all loops is chosen as 0.8 mm. The radius of the source/load loop, r 1 , is chosen as half the radius of the outermost radius, r 4 , in order to achieve better performance. Also, in order to avoid overlapping of adjacent loops r 3 > r 2 > r 1 and since r 1 = r 4 /2 and r 4 > r 3 , the radii of the three resonator loops should satisfy the following relation:
The radii of the resonator loops and the corresponding lumped capacitances can be calculated using (23) and (24) . However, the radius of the resonator loop that operates at 50 MHz is too large (theoretical radius, r 4 , is 117 mm) and the radius of the resonator loop that operates at 200 MHz is smaller (theoretical radius, r 2 , is 23 mm) than the radius of the source/load loop. Therefore, these two radii of the resonator loops are selected based on (25) in order to make the design practically realizable. The corresponding lumped capacitors also need to be changed from their theoretical optimal values in order to resonate the loops at the required operating frequencies (thereby sacrificing the efficiency of the WPT system).
The radius of the middle loop (r 3 ) is calculated as 48 mm with a lumped capacitor (C 3 ) of 8.6 pF in order to resonate this loop at 110 MHz. Based on (25) , the radii of the lower and higher band resonators can be chosen within the ranges: 24 mm < r 2 < 48 mm and 48 mm < r 4 < 96 mm. In order to design a compact three-band CSCMR system, the radii of the lower and higher band resonators are chosen to be r 2 = 40 mm and r 4 = 60 mm. In order to make the system operate at 200 and 50 MHz, the corresponding lumped capacitors are calculated to be C 2 = 3.2 pF and C 4 = 31 pF, respectively. Also, the radius of the source/load loop (r 1 ) is 30 mm, which is half the radius of the outermost radius. The distance, d, between TX and RX is 80 mm. The simulation model of this three-band CSCMR system is shown in Fig. 18. Fig. 19 illustrates the measured efficiency of this system for four different distances. It is seen that when the distance decreases, the efficiency at the third resonance increases. This occurs because at higher frequencies the loops are located electrically further apart compared to the lower frequencies, since the wavelength decreases with increasing frequency. This is similar observation, as the one discussed for the dual-band system.
In addition, four-band or other multi-band systems can also be designed following the same design procedure with four or more pairs of resonators.
IV. BROADBAND CSCMR
In this section, a broadband CSCMR design is presented. This design can be particularly useful when power and data need to be wirelessly transferred through the same wireless link. 
A. Broadband CSCMR Design
The proposed broadband CSCMR system consists of three loops in each TX/RX. It is observed from Fig. 6 that two resonances occur near each other when the innermost loops are chosen as the source and load loops. Therefore, in order to merge several resonant frequency bands of the multiband CSCMR method into one, the innermost loops were used as the load and source loops for this broadband CSCMR design. There are two ways to realize this.
The first method is to use two resonators with different radii (r i ) and different cross-sectional radii (r ci ) so that they will resonate at the same frequency at which they exhibit maximum Q-factor. In this way, maximum Q-factor will be achieved by both resonators at the same frequency. In order to make the two frequencies equal, the relationship between the loop radius (r i ) and the cross-sectional radius (r ci ) is derived based on (10) as
The aforementioned equation shows that the inner resonator loop with smaller radius should have a much larger crosssectional radius than the outer resonator loop in order to satisfy this condition. An example of such topology for a CSCMR TX or RX is shown in Fig. 20 .
The second method changes the capacitors that are connected to the two resonators so that their resonant frequencies will be equal. The geometry of this method is shown in Fig. 21 . In this way, the model is easier to build, but one of the loops will not resonate at exactly the frequency where its Q-factor is maximum. This will reduce the transmission efficiency of the CSCMR system, but it will significantly broaden its bandwidth.
First, the impact of various parameters on the system performance is studied. The second method (see Fig. 21 ) is chosen due to its practicality to design a broadband CSCMR system operating at 155 MHz. The cross-sectional radius of all the loops (r c1 = r c2 = r c3 ) is chosen as 2.1 mm. The middle loop is picked as the resonant loop that will resonant at 155 MHz, where its Q-factor is maximum. Therefore, the radius of the middle loop, r 2 , is calculated as 22.5 mm using (23) . The corresponding lumped capacitance can be calculated using (24) . The distance between TX and RX is chosen to be 70 mm. Figs. 22  and 23 show the efficiencies of this CSCMR system for different ratios r 2 /r 1 and r 3 /r 2 . These results illustrate that when r 2 is fixed, the ratio r 2 /r 1 is 1.4, and the ratio of r 3 /r 2 is 2.5 (i.e., r 1 is 0.71 times r 2 , and r 3 is 2.5 times r 2 ), the performance of the CSCMR system is the best in terms of both the flatness and bandwidth of the efficiency.
The distance between TX and RX of CSCMR systems also affects their bandwidth. Fig. 24 illustrates the variation of the efficiency of a broadband CSCMR system for different ratios of the distance to r 3 . Fig. 24 shows that the distance, d , between TX and RX should be chosen as 1.0−1.3 times the radius of the outermost loop, r 3 , in order to achieve broader bandwidth and good efficiency. Similar results were derived for the geometrical parameters of first method (see Fig. 20 ) that two resonators have different radii and cross-sectional radii.
Based on the aforementioned results and extensive analytical and simulation studies as well as measurements of various designs, it was concluded that in order to achieve broadband performance, the following criteria should be met: 1) the radius of source/load, r 1 , should be 0.71 times the radius of the middle loop, r 2 , 2) the radius of the outermost loop, r 3 , should be 2.5 times the radius of the middle loop, r 2 , and 3) the distance between TX and RX, d, should be chosen 1.0−1.3 times the radius of the outermost loop, r 3 , and 2.5−3.25 times of the radius of middle loop, r 2 .
Therefore, based on these design criteria and condition (26), the cross-sectional radii of resonators 1 and 2 in the first method of 
Also, the radius of resonator 1, r 2 , should be 1.4 times the radius of source/load loop, r 1 . Therefore, in order to avoid overlapping of adjacent loops, the following condition should be satisfied:
In order to satisfy both conditions of (27) and (28), the crosssectional radius of resonator 2 (r c3 ) should be very small, otherwise, it will lead to overlapping of the source/load loop and resonator 1. Therefore, this type of broadband CSCMR cannot be easily designed in practice.
Based on the design criteria, broadband systems of the two methods operating at 300 MHz are designed and compared here. The geometric specifications of the CSCMR design of method 1 (see Fig. 20 ) are as follows: r c1 = 1.0 mm, r c2 = 1.6 mm, r c3 = 0.1 mm, r 1 = 8.0 mm, r 2 = 11.2 mm, r 3 = 28 mm, d = 28.2 mm, C 2 = 9.17 pF, and C 3 = 1.32 pF. The geometric specifications of the CSCMR design of method 2 (see Fig. 21 ) are as follows: r c1 = r c2 = r c3 = 1.1 mm, r 1 = 9.3 mm, r 2 = 13 mm, r 3 = 32.5 mm, d = 42 mm, C 2 = 6.71 pF, and C 3 = 1.97 pF. Fig. 25 shows that the second method delivers broader bandwidth. Therefore, the second method will be used in what follows to design broadband CSCMR systems; especially, after considering the fabrication difficulties of the first method.
For the second design method of broadband CSMCR, there are two choices for equating the two resonant frequencies of the resonators. The first choice is to make the large loop (resonator 2) resonate at the frequency where the small loop (resonator 1) resonates with maximum Q-factor. Therefore, in this case, the resonant frequency is determined by the parameters of the smaller resonator and the system works at a relatively high frequency. The second choice is to make the smaller loop (resonator 1) resonate at the frequency where the large loop (resonator 2) resonates with maximum Qfactor. Therefore, in this case, the broadband system works at a lower frequency, which is determined by parameters of larger loop. Using different capacitors, this system can be tuned to work in two bands. Fig. 26 shows the comparison of the choices to realize broadband systems utilizing the same size loops (r c1 = r c2 = r c3 = 1.1 mm, r 1 = 9.3 mm, r 2 = 13 mm, r 3 = 32.5 mm, and d = 42 mm) but with different capacitors in order to operate at two different frequency bands efficiently (capacitors in higher frequency band: C 2 = 6.71 pF and C 3 = 1.97 pF; capacitors in lower frequency band: C 2 = 32.27 pF and C 3 = 9.5 pF). It is shown that broader bandwidth and better performance can be achieved when the system is working at the higher frequency band, which is mainly determined by the parameters of the smaller loop (resonator 1). Therefore, the smaller loop (resonator 1) is used to design broadband systems.
B. Comparison of Different Broadband CSCMR Systems
Based on the previous results, a broadband CSCMR is designed and it is compared with traditional SCMR and CSCMR systems. The comparison is made in two ways: 1) the three systems are operating at the same frequency and 2) the three systems have same outer diameters. Fig. 27 shows the three different systems that will be compared at the same frequency. The first system is a standard SCMR system, which is narrowband. The second system is the standard CSCMR system, which is also narrowband. The third system is the proposed novel broadband CSCMR system. The operating frequency for all the three systems is 165 MHz. All the loops of the three systems have same cross-sectional radius of loop, r c = r c = r c = 2.1 mm. The radius of the loop (r 2 , r 2 , or r 2 ) which will resonate at 165 MHz with maximum Q-factor is calculated as 21 mm by (23) . The corresponding capacitor is 14.6 pF. Based on the findings of the previous section, the broadband CSCMR's parameters are related to the radius of the middle loop (r 2 ). The radius of innermost loop (r 1 ) is chosen as r 2 /1.4 = 15 mm and the radius of outermost loop (r 3 ) is chosen as r 2 × 2.5 = 52 mm. The lumped capacitor of the outermost loop is chosen as 4.2 pF in order to make its resonant frequency equal to the one of the middle loop. Considering the optimal ratio of d/r 3 as 1.0 ∼ 1.3 (which was found previously), the TX and RX resonators for all three systems are placed at a distance,
All the designs are shown in Fig. 27 . Fig. 28 compares the simulated efficiencies of the three systems. Fig. 28 shows that the proposed broadband CSCMR exhibits significantly larger bandwidth than the other two methods. Table I also compares the three methods and shows that the broadband CSCMR system has 7-8 times larger bandwidth than the other two traditional systems. In order to validate the simulation results, the broadband CSCMR of Fig. 27(c) is fabricated and measured. Actual capacitors cannot be as precise as the ones used in the analytical and simulation models (C 2 = 14.6 pF, C 3 = 4.2 pF). Therefore, capacitors with values of 14 and 4 pF were used in the prototypes. Therefore, the operating frequency will slightly shift to higher frequency. Fig. 29 shows the prototype and the measurement setup. Fig. 30 plots the efficiency of this system and compares analytical and simulated calculations with measurements. It can be seen that this design operates at a center frequency of 170 MHz. Also, this design exhibits a bandwidth of 38 MHz for efficiency that is at least 50%. In addition, the measurements agree well with the analytical and simulation results. The measured efficiency is lower than the simulated one. This discrepancy is mainly due to the fact that the capacitors used in this experiment have losses and are not perfect as the capacitors used in the simulation.
Next, the performance of this broadband CSCMR system is compared with the performance of the traditional SCMR and standard CSCMR systems that resonate at the same frequency. The corresponding systems are shown in Fig. 31 and they are based on the parameters of Fig. 27. Fig. 32 compares the measurements of the three systems in Figs. 29 and 31 . It is seen that the maximum efficiencies of the traditional SCMR, standard CSCMR, and broadband CSCMR are 64.85%, 53.14%, and 83.45%, respectively. The 3-dB bandwidths of these three systems are 3.4, 4.5, and 39.2 MHz. These results clearly illustrate that the proposed broadband CSCMR exhibits significantly larger bandwidth than the other two SCMR methods.
Also, the three methods (broadband CSCMR, SCMR, and CSCMR) are compared for systems with the same outer diameters that operate at different frequencies. In order to achieve maximum efficiency for each system, the design of the traditional SCMR and standard CSCMR systems should satisfy formulas (10) and (11) . Based on these formulas, the frequency where the loop with radius of 52 mm exhibits maximum Q-factor is 78 MHz, thereby, requiring a lumped capacitor of 20 pF. The other parameters are chosen based on the theoretical analysis and optimal designs discussed in Section III. These three systems with same outer loops are placed at the same distance of 60 mm. All three designs are shown in Fig. 33. Fig. 34 shows the corresponding prototypes and measurement setups of the traditional SCMR and standard CSCMR systems based on the parameters shown in Fig. 33 . Since the three systems are working at different frequencies, the fractional bandwidth is used to evaluate the system bandwidth performance. The fractional bandwidth is defined as
The measurements of the three systems of Figs. 29 and 34 are compared in Fig. 35 . Fig. 35 shows that the 3-dB fractional bandwidths of standard SCMR, CSCMR system, and proposed broadband CSCMR system are 2.56%, 12.22%, and 23.06%, respectively. Therefore, the proposed broadband CSCMR system exhibits larger bandwidth than the other two SCMR methods with the same outer diameters.
V. CONCLUSION
In this paper, design methods for multiband and broadband CSCMR WPT systems were proposed. Two-band and threeband CSCMR systems were designed and validated. Also, novel broadband CSCMR systems were analyzed, designed, simulated, and measured. The proposed broadband CSCMR system significantly broadens the bandwidth of the traditional SCMR systems. In fact, the prototyped broadband CSCMR system achieved more than seven times larger bandwidth compared to the traditional SCMR system at the same frequency. Multiband and broadband WPT systems have great potential in various wireless applications. For example, the proposed WPT systems can be scaled to operate at the appropriate frequencies in the ISM band for charging mobile devices or sensors depending on the application.
